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Introduction {#chem202000486-sec-0001}
============

The competition between chain and ring formation in polymerization reactions has been a long‐standing topic in synthetic chemistry[1](#chem202000486-bib-0001){ref-type="ref"}, [2](#chem202000486-bib-0002){ref-type="ref"}, [3](#chem202000486-bib-0003){ref-type="ref"}, [4](#chem202000486-bib-0004){ref-type="ref"} and has recently also found attention in on‐surface synthesis.[5](#chem202000486-bib-0005){ref-type="ref"}, [6](#chem202000486-bib-0006){ref-type="ref"}, [7](#chem202000486-bib-0007){ref-type="ref"}, [8](#chem202000486-bib-0008){ref-type="ref"}, [9](#chem202000486-bib-0009){ref-type="ref"} The polymerizations can be performed under equilibrium or non‐equilibrium conditions. Equilibrium implies that the decisive bonds are reversibly formed and dissociated during the reaction. These conditions lead to thermodynamic reaction control, which means that the product composition is determined by the relative thermodynamic stabilities, that is, by the standard free enthalpy of the reaction. In contrast, non‐equilibrium conditions result in kinetic reaction control. In the limiting case that the rate of the backwards reaction is zero, the product composition is exclusively controlled by the relative rates of formation of the different products. The equilibrium case for oligomerization reactions in three‐dimensional (3D) solution phases was first treated by Jacobson and Stockmayer using flight statistics,[1](#chem202000486-bib-0001){ref-type="ref"} an approach that was later refined.[10](#chem202000486-bib-0010){ref-type="ref"} In contrast, systems under kinetic control proved to be more difficult to describe.[2](#chem202000486-bib-0002){ref-type="ref"} Eventually, it was shown that the ring‐size distribution under kinetic control is similar to that predicted for equilibrium conditions by the Jacobson--Stockmayer model.[3](#chem202000486-bib-0003){ref-type="ref"}

In on‐surface polymerizations, the product composition is additionally influenced by the two‐dimensional (2D) confinement and the specific interactions of the reactants with the surface. As a model reaction related to on‐surface synthesis of carbon‐based nanostructures,[11](#chem202000486-bib-0011){ref-type="ref"}, [12](#chem202000486-bib-0012){ref-type="ref"}, [13](#chem202000486-bib-0013){ref-type="ref"}, [14](#chem202000486-bib-0014){ref-type="ref"}, [15](#chem202000486-bib-0015){ref-type="ref"}, [16](#chem202000486-bib-0016){ref-type="ref"}, [17](#chem202000486-bib-0017){ref-type="ref"}, [18](#chem202000486-bib-0018){ref-type="ref"}, [19](#chem202000486-bib-0019){ref-type="ref"}, [20](#chem202000486-bib-0020){ref-type="ref"}, [21](#chem202000486-bib-0021){ref-type="ref"}, [22](#chem202000486-bib-0022){ref-type="ref"} we study here the formation of azulene‐based organometallic oligo‐ and polymers from 1,3‐dibromoazulene (DBAz, Figure [1](#chem202000486-fig-0001){ref-type="fig"}). Such organometallic compounds of aromatic building blocks represent important and stable intermediates in the Ullmann‐type on‐surface synthesis of carbon‐based nanostructures.[5](#chem202000486-bib-0005){ref-type="ref"}, [23](#chem202000486-bib-0023){ref-type="ref"} Previous work has shown that the linking pattern in the organometallic intermediates determines the structure of the covalent end product of the surface Ullmann coupling.[6](#chem202000486-bib-0006){ref-type="ref"} Therefore, it is important to control the structures of these intermediates.

![Space‐filling model showing the possible cyclic (left) and open‐chain (right) organometallic reaction products of 1,3‐dibromoazulene (DBAz) on Cu(111). The ring/chain competition under kinetic and thermodynamic control is analyzed in this work. Color code: white, hydrogen; grey, carbon; red, copper; blue, bromine.](CHEM-26-7647-g001){#chem202000486-fig-0001}

Azulene is a building block with a prototypical non‐alternant aromatic π‐electron system, which has recently attracted attention in surface chemistry, organic electronics, and related areas.[24](#chem202000486-bib-0024){ref-type="ref"}, [25](#chem202000486-bib-0025){ref-type="ref"}, [26](#chem202000486-bib-0026){ref-type="ref"}, [27](#chem202000486-bib-0027){ref-type="ref"}, [28](#chem202000486-bib-0028){ref-type="ref"}, [29](#chem202000486-bib-0029){ref-type="ref"}, [30](#chem202000486-bib-0030){ref-type="ref"}, [31](#chem202000486-bib-0031){ref-type="ref"}, [32](#chem202000486-bib-0032){ref-type="ref"}, [33](#chem202000486-bib-0033){ref-type="ref"}, [34](#chem202000486-bib-0034){ref-type="ref"}, [35](#chem202000486-bib-0035){ref-type="ref"} Non‐alternant aromatic π‐electron systems typically contain odd‐numbered rings such as pentagons and heptagons. Their electronic properties differ strongly from those of their alternant isomers, resulting in stronger interactions with metal surfaces.[34](#chem202000486-bib-0034){ref-type="ref"} Non‐alternant structural motifs also occur as defects in graphene and carbon nanotubes and influence their properties.[36](#chem202000486-bib-0036){ref-type="ref"}, [37](#chem202000486-bib-0037){ref-type="ref"}, [38](#chem202000486-bib-0038){ref-type="ref"}, [39](#chem202000486-bib-0039){ref-type="ref"}

In this work, we study the ring/chain competition in two‐dimensional (2D) confinement using azulene‐based organometallic oligomers. As was shown in a preliminary Communication,[9](#chem202000486-bib-0009){ref-type="ref"} the dominant cyclic product is the hexamer shown in Figure [1](#chem202000486-fig-0001){ref-type="fig"} (left) and the ring/chain competition can be influenced by reaction temperature and coverage. Here, we provide a comprehensive treatment of the observed phenomena in the context of thermodynamic and kinetic reaction control, using Monte Carlo (MC) simulations for the interpretation of the experimental data obtained by analysis of scanning tunneling microscopy (STM) images. In addition, we apply the concept of the effective molarity (EM) for the first time to on‐surface chemistry.

Results and Discussion {#chem202000486-sec-0002}
======================

Non‐equilibrium conditions and kinetic reaction control {#chem202000486-sec-0003}
-------------------------------------------------------

Figure [2](#chem202000486-fig-0002){ref-type="fig"} shows STM images taken after the deposition of 1,3‐dibromoazulene (DBAz) on Cu(111) at 300 K, using four different coverages. At this temperature, the C−Br bonds dissociate, as was confirmed by XPS (see Figure S1 in the Supporting Information). The resulting debrominated azulene units form organometallic oligomers with C‐Cu‐C bonds, as shown in Figure [1](#chem202000486-fig-0001){ref-type="fig"}.[9](#chem202000486-bib-0009){ref-type="ref"} According to previous work, the C−Cu bond is stable over the duration of the experiment at 300 K.[7](#chem202000486-bib-0007){ref-type="ref"}, [40](#chem202000486-bib-0040){ref-type="ref"}, [41](#chem202000486-bib-0041){ref-type="ref"}, [42](#chem202000486-bib-0042){ref-type="ref"} Therefore, we have a non‐equilibrium situation of kinetic reaction control, which means that the initially formed product (i.e., the species that is produced with the fastest rate) prevails.

![STM images of DBAz on Cu(111) after deposition at 300 K for four different coverages as indicated in the images. Tunneling parameters: (a) *U*=−3.52 V, *I*=−0.09 nA; (b) *U*=−1.74 V, *I*=−0.15 nA; (c) *U*=−3.63 V, *I*=−0.16 nA; (d) *U*=−1.85 V, *I*=−0.11 nA.](CHEM-26-7647-g002){#chem202000486-fig-0002}

Statistically, the formation of chains is expected to be favored under these conditions, because there are more conformers (i.e., possible realizations) for an *n*‐membered chain compared to an *n*‐membered ring.[9](#chem202000486-bib-0009){ref-type="ref"} A small *n*‐membered ring, such as the hexamer in Figure [1](#chem202000486-fig-0001){ref-type="fig"} with *n=*6, requires *cis*‐configuration of all azulene units. Since an individual unit is *cis*‐oriented relative to an existing segment with a probability of 0.5, the total probability for the formation of an *n*‐membered ring is 0.5^*n*−1^. All other, mixed *cis*/*trans* configurations with *n* segments can only form chains and therefore have a total combined probability of 1--0.5^*n*−1^. In the case of *n=*6, the probability for the formation of a hexamer under kinetic control is therefore only 1/32. Noteworthy, larger macrocycles may contain segments with *trans*‐oriented units, which leads to a more complex situation.

Another important factor that controls the ring/chain ratio is the coverage, because the ring closure and the chain growth have different reaction orders and thus the ratio of their rates is coverage‐dependent.[6](#chem202000486-bib-0006){ref-type="ref"}, [9](#chem202000486-bib-0009){ref-type="ref"} Generally, the intramolecular ring closure as a first‐order reaction (Equation [(1)](#chem202000486-disp-0001){ref-type="disp-formula"} with the rate constant *k* ~intra~ prevails at low precursor coverage, while the chain growth as an intermolecular second‐order reaction (Equation [(2)](#chem202000486-disp-0002){ref-type="disp-formula"} with the rate constant *k* ~inter~ will increasingly compete when the coverage is increased.[6](#chem202000486-bib-0006){ref-type="ref"} $$M_{6}\underset{}{\overset{k_{intra}}{\rightarrow}}C_{6}$$ $$M_{i} + M_{1}\underset{}{\overset{k_{inter}}{\rightarrow}}M_{i + 1}$$

Based on these considerations, the STM data in Figure [2](#chem202000486-fig-0002){ref-type="fig"} can be understood qualitatively. In the following, we will discuss the relative yield of rings, especially of the dominant cyclic hexamers. This yield is defined as the percentage of monomer units incorporated in the cyclic hexamers.

Analysis for the sample with the lowest coverage (0.1 ML, Figure [2](#chem202000486-fig-0002){ref-type="fig"} a) reveals that only 3 % of the monomer units are incorporated in cyclic hexamers, close to the statistically expected value of 0.5^5^=3.125 %.[9](#chem202000486-bib-0009){ref-type="ref"} Increasing the coverage to 0.3 and 0.5 ML (Figure [2](#chem202000486-fig-0002){ref-type="fig"} b, c) reduces the yield of rings to 2 %. For the saturation coverage at 300 K (Figure [2](#chem202000486-fig-0002){ref-type="fig"} d, coverage defined as 1.0 ML), the yield is even lower with 1 %. Thus, the data show the expected trend of lower ring yields at higher coverages.

In homogeneous reactions (gas phase or solution), one advantage of ring closure over chain growth arises from the fact that the latter requires the bond formation between two reactants. As a result, three degrees of translational freedom and three degrees of rotational freedom of the two reactants are converted into six new degrees of vibrational freedom of the product, lowering its entropy content. Accordingly, ring formation can be entropically favored over chain formation.[43](#chem202000486-bib-0043){ref-type="ref"} In the adsorbed state, however, these translational and rotational degrees of freedom of the reactants are already mostly frustrated, that is, converted to vibrations. The loss of entropy content during chain formation is therefore expected to be much smaller. The situation may even be reversed, because the open radical ends of the reactants are expected to bind more strongly to the surface, and thus have less degrees of translational and rotational freedom than the product they form.

Equilibrium conditions and thermodynamic reaction control {#chem202000486-sec-0004}
---------------------------------------------------------

The four different samples from Figure [2](#chem202000486-fig-0002){ref-type="fig"} were annealed to 440 K for 5 minutes and then cooled rapidly to the imaging temperature of 100 K. The temperature of 440 K was chosen to ensure chemical equilibrium, that is, fast reversible formation and dissociation of the organometallic C−Cu bonds. This reversible character of the C−Cu bonds at elevated temperatures at and above 440 K is well established.[5](#chem202000486-bib-0005){ref-type="ref"}, [44](#chem202000486-bib-0044){ref-type="ref"} Under these conditions, the product composition is given by the equilibrium constant and thus reflects the thermodynamic stability of the products. As shown by the STM images in Figure [3](#chem202000486-fig-0003){ref-type="fig"}, now the cyclic hexamers are formed with much higher yields, indicating that they represent the thermodynamically more stable product.[9](#chem202000486-bib-0009){ref-type="ref"}

![(a)--(e) STM images of DBAz on Cu(111) after annealing the four samples shown in Figure [2](#chem202000486-fig-0002){ref-type="fig"} to 440 K. Coverages as indicated in the images. For 1.0 ML, two different sample regions are shown. (f) Relative yield of hexamer rings as a function of the total coverage at 300 K (kinetic control) and 440 K (thermodynamic control). The percentage of rings (ring yield) is defined here as the total number of repeat units contained in cyclic hexamers divided by the total number of repeat units contained in chains and rings. Tunneling parameters: (a) *U*=−2.84 V, *I*=−0.13 nA; (b) *U*=−1.10 V, *I*=−0.12 nA; (c) *U*=−3.52 V, *I*=−0.19 nA; (d) *U*=−3.63 V, *I*=−0.10 nA; (e) *U*=−3.31 V, *I*=−0.11 nA.](CHEM-26-7647-g003){#chem202000486-fig-0003}

For the low‐coverage sample (0.1 ML, Figure [3](#chem202000486-fig-0003){ref-type="fig"} a), the ring yield is increased from 3 % under kinetic control to 78 % under thermodynamic control. For the samples with coverages of 0.3 and 0.5 ML (Figure [3](#chem202000486-fig-0003){ref-type="fig"} b, c and Figure S2 in the Supporting Information) the ring yields are now 22 and 17 %, respectively, which is also significantly increased compared to kinetic control. At 1.0 ML, large lateral fluctuations of the local concentration of rings are observed (Figures [3](#chem202000486-fig-0003){ref-type="fig"} d and 3 e). Apparently, the rings are sufficiently mobile at 440 K to aggregate into large islands, as shown in Figure [3](#chem202000486-fig-0003){ref-type="fig"} e. These islands are stabilized by the interaction with the split‐off Br atoms, which can be seen in Figure S3g, h in the Supporting Information.[5](#chem202000486-bib-0005){ref-type="ref"}, [45](#chem202000486-bib-0045){ref-type="ref"} In Figure [3](#chem202000486-fig-0003){ref-type="fig"} f, the ring yields are plotted as functions of the coverage, illustrating that thermodynamic control leads to much higher ring yields than kinetic control.

Enlarged images of islands of hexamers are displayed in Figure [4](#chem202000486-fig-0004){ref-type="fig"} and Figures S3 and S4 in the Supporting Information. The images in Figures [4](#chem202000486-fig-0004){ref-type="fig"} a and 4 b were taken at different tunneling conditions. In Figure [4](#chem202000486-fig-0004){ref-type="fig"} a, the Cu atoms appear as protrusions, whereas Figure [4](#chem202000486-fig-0004){ref-type="fig"} b also shows the azulene units as bright uniform features. Related images of the chains at different tunneling conditions are shown in Figure S5 in the Supporting Information.

![STM images of an island of the cyclic hexamer macrocycles, taken at different tunneling conditions, with overlaid molecular models. In image (a), the bridging Cu atoms are shown as bright protrusions, whereas (b) also shows the azulene units as bright features. Tunneling parameters: (a) *U*=−0.94 V, *I*=−0.10 nA; (b) *U*=1.79 V, *I*=0.10 nA.](CHEM-26-7647-g004){#chem202000486-fig-0004}

The formation of cyclic hexamers is remarkable, because they are strained, while the structure of the azulene molecule should enable the formation of strain‐free cyclic decamers. The predominant formation of hexamers is attributed to registry effects. Azulene adsorbed on Cu(111) prefers adsorption sites on which the long molecular axis is aligned along a high‐symmetry direction of the surface,[34](#chem202000486-bib-0034){ref-type="ref"} resulting in six possible preferential orientations. In the cyclic hexamer, all azulene units can assume their preferred orientation, while this is not the case for the cyclic decamer. The latter, although unstrained, is therefore energetically unfavorable. In rare cases, cyclic octamers were observed (see Figure S6 in the Supporting Information).

The variation of the ring yield with coverage (Figure [3](#chem202000486-fig-0003){ref-type="fig"} f) reflects the dynamic character of the chemical equilibrium between rings and chains. As mentioned above, the ring closure and chain growth have different reaction orders. With increasing coverage, the rate of the second‐order chain growth increases faster than that of the first‐order ring closure. As a result, the equilibrium is shifted towards the side of the chains as the coverage increases. (This trend is also reproduced by the MC simulations, as shown below and in Figure S10 in the Supporting Information)

The very high ring yield observed at the lowest coverage (see Figure [3](#chem202000486-fig-0003){ref-type="fig"} a and Figure S7 in the Supporting Information) is reminiscent of a specific result of the Jacobson--Stockmayer (J--S) theory. It predicts the existence of a critical concentration, below which the system consists entirely of rings.[1](#chem202000486-bib-0001){ref-type="ref"} However, the J--S theory was derived for rings that are sufficiently large to avoid short‐range steric effects. Only then, the probability of the ring closure can be expressed as a well‐defined function of the ring size. Here, we consider a 2D system, in which the molecules are confined to certain lattice sites. This confinement influences both the energy and the entropy term of the reaction free enthalpy (see below). The effects of the 2D confinement on the energy include the adsorbate--surface interaction energy and steric strain resulting from a forced planar geometry. The entropy term is influenced by excluding all non‐planar conformations. Especially in the case of chains, which have a larger number of non‐planar conformations than the rings, the 2D confinement should substantially reduce their entropy. The small size and the strained structure of the cyclic hexamers, along with effects of the 2D confinement, therefore limit the applicability of the J--S model for 2D systems, as was also previously observed.[6](#chem202000486-bib-0006){ref-type="ref"} As a consequence, we resorted to MC simulations to gain further insight into the different types of reaction control.

Monte Carlo simulations {#chem202000486-sec-0005}
-----------------------

In the MC model shown in Figure [5](#chem202000486-fig-0005){ref-type="fig"}, the triangular lattice of equivalent adsorption sites represents a highly symmetric (111) surface, such as Cu(111). The azulene units are abstractly modelled as two planar, interconnected segments with an active part (red) and an inactive part (grey). One segment can occupy one adsorption site on the lattice, as is experimentally justified, because the azulene molecules show a strong adsorption site preference with alignment of the long molecular axis parallel to the high‐symmetry directions of the Cu(111) surface.[34](#chem202000486-bib-0034){ref-type="ref"} The bonds between the model molecules are directional and limited to neighboring adsorption sites on the lattice. The molecules interact with the energy *ϵ*=−1.0. All remaining interactions, including the molecule‐molecule and molecule‐surface interactions, are neglected. The MC simulations were carried out in the canonical ensemble, where the number of molecules *N*, the size of the system *L*, and the temperature *T* were constant.[46](#chem202000486-bib-0046){ref-type="ref"}, [47](#chem202000486-bib-0047){ref-type="ref"} For further details, see the Experimental and Computational Details section.

![Model for the MC simulations. The azulene units are abstractly modeled as planar, interconnected segments with an active part (red) and an inactive part (grey). Four different connection motifs of three units are shown.](CHEM-26-7647-g005){#chem202000486-fig-0005}

Figure [6](#chem202000486-fig-0006){ref-type="fig"} shows the results of the MC simulations for low‐temperature non‐equilibrium conditions (Figures [6](#chem202000486-fig-0006){ref-type="fig"} a and 6 c, kinetic reaction control) in comparison with the high‐temperature equilibrium conditions (Figures [6](#chem202000486-fig-0006){ref-type="fig"} b and 6 d, thermodynamic reaction control). The ratio of the two temperatures is the same as in the experiment (440 K, 300 K) with *T* ~high~/*T* ~low~=1.47. At low coverage under kinetic control (Figure [6](#chem202000486-fig-0006){ref-type="fig"} a), a considerable number of chains is formed, whereas cyclic hexamers dominate under thermodynamic control (Figure [6](#chem202000486-fig-0006){ref-type="fig"} b). Comparison of the simulated with the corresponding experimental data (e.g., Figure [2](#chem202000486-fig-0002){ref-type="fig"} a vs. Figure [6](#chem202000486-fig-0006){ref-type="fig"} a and Figure [3](#chem202000486-fig-0003){ref-type="fig"} a vs. Figure [6](#chem202000486-fig-0006){ref-type="fig"} b) reveals a good qualitative agreement, which is quite remarkable considering the high degree of abstraction in the model system. It shows that the model captures important features of the system, in particular the transformation from kinetic to thermodynamic control, and that these features have a high degree of commonality.

![MC simulations with the model in Figure [5](#chem202000486-fig-0005){ref-type="fig"} for two different coverages ((a), (b) 0.05, and (c), (d) 0.1) and two different temperatures. The temperatures have a ratio of *T* ~high~/*T* ~low~=1.47, which is identical to the experimental ratio. (a), (c) Low temperature, non‐equilibrium conditions, kinetic control. (b), (d) High temperature, equilibrium conditions, thermodynamic control. The arrows between (a) and (b) as well as (c) and (d) express that it is possible to shift the systems from the non‐equilibrium to the equilibrium state by increasing the temperature, whereas it is not possible to go the reverse way by lowering the temperature.](CHEM-26-7647-g006){#chem202000486-fig-0006}

Doubling the coverage (Figures [6](#chem202000486-fig-0006){ref-type="fig"} c and 6d) leads to qualitatively similar results: At low temperature (Figure [6](#chem202000486-fig-0006){ref-type="fig"} c), the formation of chains prevails, whereas high‐temperature conditions lead to the formation of mostly hexamer macrocycles (Figure [6](#chem202000486-fig-0006){ref-type="fig"} d). In the simulations, sometimes larger rings than cyclic hexamers are observed. An experimental example is shown in Figure S8 in the Supporting Information. Further MC simulations for two additional coverages are shown in the Supporting Information, Figures S11 and S12.

Figure [7](#chem202000486-fig-0007){ref-type="fig"} compares the relative abundances (fractions) of the four different main structural motifs, as defined in Figure [7](#chem202000486-fig-0007){ref-type="fig"} a. The color code in Figure [7](#chem202000486-fig-0007){ref-type="fig"} a corresponds to the colors in the bar graphs in Figures [7](#chem202000486-fig-0007){ref-type="fig"} b--7 g. The *cis*(*syn*) motif (red) is the only motif that occurs in the cyclic hexamers, while it rarely occurs in chains. All other motifs, that is, *cis*(*anti*), *trans*(*R*) and *trans*(*L*), occur only in chains. Therefore, the abundance of the *cis*(*syn*) (red), compared to the abundances of the other motifs, is a good approximation for the ratio of rings versus chains.

![Relative abundances (fractions) of the main structural linking motifs defined in (a), obtained from the MC simulations for different coverages and temperatures. The presented results are averages from 10 independent systems. (b)--(d) Low temperature, kinetic control; (e)--(g) high temperature, thermodynamic control. The colors in the bar graphs correspond to the color scheme defined in (a).](CHEM-26-7647-g007){#chem202000486-fig-0007}

The data in Figure [7](#chem202000486-fig-0007){ref-type="fig"} reveal that the transition from kinetic to thermodynamic control leads to an increased formation of the *cis*(*syn*) motif. At the lowest coverage (Figures [7](#chem202000486-fig-0007){ref-type="fig"} b and 7 e), this change is very substantial, as the fraction of *cis*(*syn*) increases from 0.32 to 0.98.

The coverage‐dependent changes in the regime of thermodynamic control (*cf*. Figures [7](#chem202000486-fig-0007){ref-type="fig"} e--7 g) reveal that the macrocycles are less favored at higher coverages. The same trend was observed experimentally (*cf*. Figure [3](#chem202000486-fig-0003){ref-type="fig"} f) and was explained above by the different reaction orders for ring and chain formation. The fact that the rather abstract MC model describes these trends correctly indicates that the ring/chain ratio is indeed largely controlled by fundamental principles, rather than specific properties of our system. Complete quantitative agreement for the abundances for the different structural motifs in experiment and simulation cannot be expected, because the equilibrium is additionally influenced by factors neglected in the MC simulations, especially molecular structure, specific interaction with the surface, or intermolecular interactions.

In the regime of kinetic control, similar coverage‐dependent trends are observed (Figures [7](#chem202000486-fig-0007){ref-type="fig"} b--7 d). With increasing coverage, the fraction of the ring‐related *cis*(*syn*) motif decreases. In contrast, the fractions of the other motifs increase, especially that of the *cis*(*anti*) motif (orange), which occurs in straight chain segments. The same trend was observed in the experiment (*cf*. Figure [2](#chem202000486-fig-0002){ref-type="fig"} and Figure [3](#chem202000486-fig-0003){ref-type="fig"} f).

Optimal reaction temperature for ring formation {#chem202000486-sec-0006}
-----------------------------------------------

Above, we have shown by experiment and simulation that the ring yield under thermodynamic control depends on the coverage of azulene monomers. Now, we focus on the influence of the temperature and determine, whether there is an optimal temperature, at which the ring yield reaches its maximum. For this aim, an intermediate coverage of 0.5 ML of DBAz was deposited on Cu(111) at 300 K. Thereafter, the sample was stepwise annealed for 5 minutes, followed by rapid cooling to the imaging temperature of 100 K (Figure [8](#chem202000486-fig-0008){ref-type="fig"}).

![STM images of 0.5 ML DBAz on Cu(111) after deposition at 300 K and annealing (5 minutes) to the indicated temperatures, followed by rapid cooling to 100 K for imaging. Tunneling parameters: (a) *U*=−3.63 V, *I*=−0.14 nA; (b) *U*=−3.63 V, *I*=−0.13 nA; (c) *U*=−3.63 V, *I*=−0.14 nA; (d) *U*=−3.63 V, *I*=−0.10 nA; (e) *U*=−3.63 V, *I*=−0.11 nA; (f) *U*=−3.63 V, *I*=−0.25 nA.](CHEM-26-7647-g008){#chem202000486-fig-0008}

Deposition of DBAz at 300 K leads to predominant chain formation and a low ring yield (3 %, Figure [8](#chem202000486-fig-0008){ref-type="fig"} a), in agreement with the result discussed above for kinetic control. Annealing this sample to 350 K does not increase the ring yield (Figure [8](#chem202000486-fig-0008){ref-type="fig"} b). Apparently, this temperature is still within the regime of kinetic control. It requires annealing to 390 K to observe a slight increase of the ring yield to 8 % (Figure [8](#chem202000486-fig-0008){ref-type="fig"} c). The maximum ring yield of 20 % is obtained after annealing at 430 K (Figure [8](#chem202000486-fig-0008){ref-type="fig"} d). This value is slightly higher than that obtained after annealing a different sample with the same coverage to 440 K (*cf*. Figure [3](#chem202000486-fig-0003){ref-type="fig"} c, 17 %). If the sample is annealed to 460 K (Figure [8](#chem202000486-fig-0008){ref-type="fig"} e and Figure S9 in the Supporting Information), the trend is reversed and a decrease in the ring yield to 18 % is observed. Further annealing to 470 K (Figure [8](#chem202000486-fig-0008){ref-type="fig"} f) is accompanied by the onset of desorption. As a result, the residual coverage is reduced to 0.4 ML, while the ring yield remains at 18 %. The temperature dependence of the ring yield is summarized in Figure [9](#chem202000486-fig-0009){ref-type="fig"} a.

![(a) Yield of hexamer rings as a function of temperature, as derived from the STM images in Figure [8](#chem202000486-fig-0008){ref-type="fig"}. (b) Percentage of molecules contained in hexamer rings in the MC simulations as a function of temperature (for a coverage of 0.05). The green bars indicate temperatures at which on‐surface diffusion of the molecules is very slow. Bars marked in orange correspond to high temperatures, at which competing processes such as desorption or degradation are significant in experimental systems.](CHEM-26-7647-g009){#chem202000486-fig-0009}

Monte Carlo simulations {#chem202000486-sec-0007}
-----------------------

The MC simulations (Figure [9](#chem202000486-fig-0009){ref-type="fig"} b) showed that the yield of hexagonal rings has a maximum at an intermediate temperature, in qualitative agreement with the experimental data. The existence of an optimal temperature for macrocycle formation can be understood based on the principles introduced above: At low temperatures, kinetic control favors chain formation at the expense of ring formation. This explains the low ring yields in the low‐temperature range.

The decreasing ring yields at high temperatures, that is, under thermodynamic control, require a thermodynamic argument based on the standard free enthalpy Δ*G*°*=*Δ*H*°−*T*Δ*S*°, which determines the ring/chain equilibrium. (Δ*H° is* the standard enthalpy, Δ*S*° is the standard entropy, and *T* is the temperature.) The chains are entropically favored, because there are more possible conformers for an *n*‐membered chain compared to an *n*‐membered ring. Therefore, the rings must be energetically favored, because otherwise they would not exist at all in equilibrium. The ring closure of a chain therefore has a negative Δ*H*° and a negative Δ*S*°. With increasing temperature, the Δ*H*° term remains approximately constant, whereas the *T*Δ*S*° term strongly increases and makes Δ*G*° for the ring closure reaction more positive. Since Δ*G*° is related to the equilibrium constant *K* ^†^ via Δ*G*°=−*RT*ln*K* ^†^, a more positive Δ*G*° means that the equilibrium is shifted towards the chains with increasing temperature. In simpler terms, one can argue that the ring closure is an exothermic reaction, for which the equilibrium is shifted to the side of the reactant (i.e., the chain) with increasing temperature, according to the Le Châtelier--Braun principle. In conclusion, the optimum temperature for ring formation is just high enough to reach the regime of thermodynamic control, but not higher, because this reduces the ring yield.

Effective molarity {#chem202000486-sec-0008}
------------------

The concept of the effective molarity (EM) has been introduced for homogeneous (i.e., gas phase or solution) cyclization reactions as a measure for the preference of the intramolecular ring formation over the intermolecular chain growth.[48](#chem202000486-bib-0048){ref-type="ref"}, [49](#chem202000486-bib-0049){ref-type="ref"} To our knowledge, this concept has not yet been applied to surface reactions. For kinetic reaction control, the EM is defined as the ratio of the rate constant for the intramolecular over that for the intermolecular reaction *k* ~intra~/*k* ~inter~, whereas for thermodynamic control it is the ratio of the corresponding equilibrium constants *K* ~intra~/*K* ~inter~ (*cf*. Scheme [1](#chem202000486-fig-5001){ref-type="fig"}).[49](#chem202000486-bib-0049){ref-type="ref"}

![Reaction Scheme of the equilibrium between the open‐chain *i*‐mers M~*i*~ (equilibrium constant *K* ~inter~) and the cyclic hexamer C~6~ (intramolecular equilibrium constant *K* ~intra,6~).](CHEM-26-7647-g011){#chem202000486-fig-5001}

For on‐surface kinetic reaction control, it is not possible to determine the rate constants by real‐time STM monitoring, because the reactions are too fast compared to the temporal resolution of the STM experiment. However, the post‐reaction product composition can be analyzed with STM and be used to obtain the EM as the ratio of the rate constants. For this, we assume that each addition of a monomer unit to an existing chain corresponds to the intermolecular reaction taking place with the rate constant *k* ~inter~, whereas each ring closure of an open chain takes place with *k* ~intra~. For instance, the effective molarity for the cyclic hexamer EM~6~=*k* ~intra,6~/*k* ~inter~ (where *k* ~intra,6~ is the rate constant for the cyclization of a hexamer chain) can be calculated by dividing the number of cyclic hexamers (which is proportional to *k* ~intra,6~) by the total number of monomers minus the number of rings and chains (to take into account that formation of an oligomer takes one addition reaction less than the total number of monomers). The resulting values for the kinetic EM~6~ are plotted as a function of the coverage in Figure [10](#chem202000486-fig-0010){ref-type="fig"} b; the corresponding data are listed in Table S1 in the Supporting Information.

![(a) Scheme illustrating the preferred formation of a cyclic hexamer C~6~ from six monomers M~1~ with two identical functionalities. (b) EM~6~ values as a function of the coverage under kinetic reaction control for the four samples shown in Figure [2](#chem202000486-fig-0002){ref-type="fig"} and under thermodynamic reaction control as a function of the coverage for the four samples shown in Figure [3](#chem202000486-fig-0003){ref-type="fig"}.](CHEM-26-7647-g010){#chem202000486-fig-0010}

In the case of thermodynamic control, the determination of the equilibrium constants is in principle also possible by STM‐based post‐reaction product analysis. The equilibrium EM for a cyclic *i*‐mer is defined as EM~*i*~=*K* ~intra,*i*~/*K* ~inter~ with the equilibrium constant between an open chain M~*i*~ and the cyclic *i*‐mer C~*i*~ according to *K* ~intra,*i*~=\[C~*i*~\]/\[M~*i*~\]. *K* ~inter~ is the equilibrium constant for the intermolecular model reaction between monofunctional reactants.[50](#chem202000486-bib-0050){ref-type="ref"} In our case, this corresponds to the equilibrium constants between chains of different lengths, as shown in Scheme [1](#chem202000486-fig-5001){ref-type="fig"}. While the concentration of cyclic hexamers can easily be obtained from the STM images by counting, this is not as trivial for the concentration of the corresponding hexamer chains, because the chain lengths are more difficult to measure. Furthermore, only a very small fraction of the chains are hexamers. Thus, a reasonably accurate determination of *K* ~intra,*i*~ from our experiments is not possible. Additionally, the value for *K* ~inter~ cannot be obtained from the given experiments but would have to be known from literature data.

However, we observe the strong preference of cyclic hexamers over all other ring sizes. This preferential formation of one ring size is known in solution chemistry as self‐assembly macrocyclization[51](#chem202000486-bib-0051){ref-type="ref"} (which is not to be confused with the self‐assembly on surfaces). As illustrated in Figure [10](#chem202000486-fig-0010){ref-type="fig"} a, six monomers M~1~ with two identical functionalities preferably form a cyclic hexamer C~6~. The oligomerization proceeds successively starting from a single monomer M~1~, which is in equilibrium to chains of different lengths M~*i*~ with the intermolecular equilibrium constant *K* ~inter~ (Scheme [1](#chem202000486-fig-5001){ref-type="fig"}). Only one macrocycle, here the hexamer C~6~, is strongly preferred so that it can be formed from the open‐chain hexamer M~6~ with the respective intramolecular equilibrium constant *K* ~intra,6~. Under the assumption that *K* ~inter~ is independent of the chain length, the concentration of the cyclic *i*‐mer can be calculated by \[C~*i*~\]=EM~*i*~ *x* ^*i*^, with *x* being the fraction of reacted end groups in the acyclic fraction of the product mixture.[50](#chem202000486-bib-0050){ref-type="ref"} This *x* can be determined by counting the number of chains and taking into account the total number of monomers (see Table S2 in the Supporting Information). The resulting thermodynamic EM~6~ values are shown in Figure [10](#chem202000486-fig-0010){ref-type="fig"} b. Comparison reveals that the kinetic EM decreases with increasing coverage, while the thermodynamic EM shows the opposite trend. The coverage‐dependence of the EM is unexpected and requires interpretation. Both the kinetic and thermodynamic EM are exclusively composed of constants and thus should not depend on the coverage. Nevertheless, this behavior can be understood on a qualitative level. The increase of the thermodynamic EM towards higher coverages means that macrocyclization is overly favored in the high‐coverage range. This can be explained by the formation of islands of the cyclic hexamer (*cf*. Figure [3](#chem202000486-fig-0003){ref-type="fig"} e). The hexamers inside these islands are removed from the equilibrium, resulting in an additional equilibrium shift towards the macrocycle side, according to the Le Châtelier--Braun principle. The beginning of this island formation can already be observed for the coverages of 0.3 and 0.5 ML (*cf*. Figure [3](#chem202000486-fig-0003){ref-type="fig"} c, d). In the case of kinetic control, it must be considered that the concentrations used here are very high compared to typical reactions in solution. At the highest coverage of 1 ML, the reactants completely fill the available space. For a reaction in the three‐dimensional liquid phase, this would be equivalent to the complete absence of a solvent. Under these conditions, the mobility and flexibility of the reactants is strongly reduced. As the coverage increases, the ends of longer chains get increasingly immobile compared to monomers, lowering the probability for ring closure relative to that for the addition of monomers to existing chains. The observed substantial deviations from the expected ideal behavior show that the applicability of the EM concept to on‐surface chemistry is limited due to substrate and high‐concentration effects.

Conclusions {#chem202000486-sec-0009}
===========

The ring/chain competition in on‐surface organometallic oligomerization was studied in the regimes of kinetic and thermodynamic reaction control using STM and MC simulations. At room temperature, the oligomerization is kinetically controlled and results mainly in the formation of the entropically favored chains, which are formed with a higher statistical probability and thus with higher rates, as was confirmed by MC simulations. Rings prevail at higher temperatures, where the oligomerization is thermodynamically controlled and thus the energetically most stable product is preferentially formed. The ring/chain ratio is coverage‐dependent, with higher coverages resulting in lower ring yields both in the experiment and the simulations. This observation can be explained by the different orders of the reactions competing in the dynamic equilibrium: With increasing coverage, the rate of the second‐order chain growth increases faster than that of the first‐order ring closure. The ring/chain equilibrium is also temperature‐dependent and responds to increasing temperatures with lower ring yields, in line with the exothermic nature of the ring formation. Hence, there is a temperature optimum for the ring formation: It is sufficiently high to reach the regime of thermodynamic control, but otherwise as low as possible. Differences to macrocyclization in solution, as revealed by effective molarity considerations, are attributed to the 2D confinement, the preference of certain adsorption sites, and the high concentrations typically used in on‐surface synthesis.

Experimental and Computational Details {#chem202000486-sec-0010}
======================================

The experiments were performed in an ultrahigh vacuum (UHV) system (base pressure 2×10^−10^ mbar) equipped with a SPECS Aarhus 150 variable‐temperature STM, a SPECS Phoibos 150 electron energy analyzer, and a monochromatized Al Kα X‐ray source (SPECS XR 50M, FOCUS 500). STM images were obtained with an electrochemically etched W tip at 100 K in constant current mode and processed with WSxM 5.0 Develop 8.5.[52](#chem202000486-bib-0052){ref-type="ref"} All voltages refer to the sample. Moderate filtering (Gaussian smooth, background subtraction) was applied for noise reduction. The Cu(111) single crystal (purity 99.9999 %, roughness \<0.01 μm, orientation accuracy \<0.1°, from MaTecK, Germany) was prepared by iterated sputtering with Ar^+^ ions (1 keV, 12 μA, 30 min) and annealing (800 K, 10 min). Sample temperatures were measured with a thermocouple directly mounted to the Cu(111) crystal. DBAz (purity \>98.0 %) was purchased from TCI and deposited on the Cu(111) surface using a custom‐built low‐temperature Knudsen cell evaporator cooled to 195 K.

The simulations were performed on a rhombic fragment of the triangular lattice with linear size *L* equal to 200 adsorption sites. To eliminate edge effects, periodic boundary conditions in both directions were imposed. Intermolecular interactions were limited to nearest‐neighbor sites on the lattice. The conventional MC method in the canonical ensemble with Metropolis sampling[46](#chem202000486-bib-0046){ref-type="ref"}, [47](#chem202000486-bib-0047){ref-type="ref"} was used as follows. In the first step, *N* molecules were randomly distributed on the surface and the temperature *T* was fixed. Next, a molecule was picked up at random and its potential energy *U* ~0~ was calculated by reckoning the interactions with neighboring molecules. Each of these interactions contributed with *ϵ* to *U* ~0~. The selected molecule was then moved to a new random position on the lattice and rotated by a multiple of ±60 degrees. If the insertion therein was successful, the potential energy in the new position *U~n~* was obtained using the same procedure as for *U* ~0~; otherwise the simulation started from the beginning. To accept the new configuration, the probability factor *p*=min \[1, exp(−Δ*U*/*kT*)\], where Δ*U*=*U~n~*−*U* ~0~ and *k* is the Boltzmann factor, was calculated and compared with a randomly generated number *r* ∈ (0,1). If *r*\<*p*, the new configuration was accepted, otherwise the molecule was left in the original (old) position. The above sequence, which constitutes one MC step, was repeated *N* × 10^6^ times to obtain the snapshots and statistics. The average values reported herein were taken over ten independent system replicas using 1 % of the final MC steps of each simulation run. Energies and temperatures of our model are expressed in units of *ϵ* and \|*ϵ*\|/*k*, respectively. The surface coverage in the MC simulations was defined as the average number of molecular segments per lattice site, i.e., 2*NL* ^−2^. The simulations were performed using 1000, 2000, 4000 and 8000 molecules, which corresponds to the MC surface coverages equal to 0.05, 0.1, 0.2 and 0.4, respectively. Note that the coverages in experiment and simulation have no direct correspondence. Comparison is only meaningful on a qualitative level (e.g., low vs. high coverage). The temperatures in the simulation have the same ratio (*T* ~high~/*T* ~low~) as in the experiment, while the absolute temperatures cannot be compared, because the temperature in the simulation is defined with respect to the arbitrary basic energy unit *ϵ*. Although we applied Metropolis sampling, which is aimed at reproducing Boltzmann statistics, i.e., the equilibrium case, metastable states can be trapped by immediate cooling directly after the first MC step. This procedure is equivalent to kinetic reaction control in the experiment.

Supporting Information available: X‐ray photoelectron spectra, additional STM images, additional MC simulations, data for the effective molarity considerations.
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